In order to fabricate barium titanate (BaTiO 3 ) particles with high purity, small particle size and narrow distribution of particle size, the synthesis methods and doping elements should be properly selected. Compared to polar polymers, non-polar polymers have advantages on the fabrication of miniaturized and lightweight electronic devices, due to excellent process-ability and little endogenous heat generated in the electric field. To avoid the aggregation of BaTiO 3 particles in polymer matrix, several nanometer thick organic coating on the BaTiO 3 surface is needed. What's more, the alignment of BaTiO 3 and hybrid use of fillers can further improve the dielectric properties of polymer/BaTiO 3 composites.
Introduction
In recent years, with the development of microelectronic industry, the demand to fabricate multi-functional, high power, miniaturized and lightweight electronic products has rapidly increased [1, 2] . Lead zirconate titanate is commonly used as electronic ceramic material in electronic devices, but lead zirconate titanate contains lead element, which pollutes the environment [3] . Thus, it is gradually replaced by leadfree environment-friendly barium titanate [BaTiO 3 (BT)] ceramics [4] .
BT is a ferroelectric inorganic compound with piezoelectric properties and photorefractive effect. Generally, the appearance of BT is white powder [5] . However, when large crystals are formed, BT becomes transparent [6] . BT has the advantage of high dielectric constant and replaces lead zirconate titanate in the field of piezoelectric sensors, capacitors and high power energy storage devices [7] . However, the fabrication of BT products requires high temperature sintering, and the porosity of ceramics greatly affects the dielectric properties of BT products [8] . Moreover, the BT ceramic products are usually brittle.
Compared with high density BT ceramics, polymer/BT composites have low density, low processing temperature and are easy to manufacture products with desired shapes in mass production [9] . In addition, the polymer/BT composites have high toughness, which makes up for the shortcoming (brittleness) of BT ceramics [10] .
The relative dielectric constant of BT ceramics at room temperature is above 2000, which is much higher than that of traditional inorganic fillers, such as calcium carbonate, carbon blacks, titanium dioxide, carbon nanotubes and rare earth materials [11] [12] [13] . Thereby, the incorporation of BT ceramics can greatly improve the dielectric properties of polymer/BT composites. What's more, crystallization, thermal conductivity, volume resistivity, rheological, cure and mechanical properties are also affected [14, 15] . The intend of this review is to summarize scientific literatures on modification of synthesized BT particles and polymer/BT dielectric composites which are recently studied. 3 BT possesses ABO 3 type perovskite structure, shown in Fig. 1 , in which barium atoms occupy the top corner of the cell, oxygen atoms occupy the face center of the cubic plane 1 3 of the cell, and titanium atoms occupy the center of the octahedron of oxygen atoms. With the decrease of temperature, BT undergoes phase transition from cubic to tetragonal (at 120 °C), then to orthorhombic (at 0 °C), and finally to rhombohedral (at − 90 °C) [16] . When the temperature is higher than 120 °C, the cubic phase of BT is stable and has a paraelectric property [17] . When the temperature is below 120 °C, the other three crystalline phases exhibit ferroelectric properties, ascribed to the self-polarization of BT [18] .
Structure and crystallization of BaTiO
3 Synthesis and doping of BaTiO 3 
Solid state synthesis
Solid state synthesis method is a simple and low-cost process which is suitable for mass production. BT and carbon dioxide (CO 2 ) can be obtained by calcining the mixture of barium carbonate (BaCO 3 ) and titanium dioxide (TiO 2 ) particles for several hours at high temperature (> 1000 °C). The synthesis equation is shown in Eq. (1) [19] :
During the fabrication of BT, BaCO 3 reacts with TiO 2 on the surface of TiO 2 particles to form a layer of BT film which diffuses into the center of TiO 2 particles [20] . The grain size of BT particles produced by solid state synthesis method is correlated with the grain size of precursors, generally in micron scale with a wide range of particle size distribution [21] . In order to control the grain size of BT particles, high-energy ball mill is utilized to grind the precursors (BaCO 3 and TiO 2 ). The BT particles with narrow particle size distribution are generated when BaCO 3 particles have high specific surface area [22, 23] .
The mutli-step sintering method can be used to prepare small sized BT particles (< 1 micron) with uniform particle
size distribution [24] . In multi-step process, the precursors are homogenized by ultra-sonication and 500 nm BT particles are obtained with high tetragonality, illustrated in Fig. 2 [25] .
The increase of sintering temperature provides enough time for small sized grains to grow and then agglomerate into large sized grains [26] . Compared to sintering temperature, the increase of sintering time significantly enlarges the grain size of BT particles [27] . When the sintering temperature and time increased from 1200 °C and 2 h to 1300 °C and 6 h, respectively, the average grain size of BT particles increases from 0.4 to 1.1 mm [28] .
Hydrothermal synthesis
In order to overcome the shortcomings of solid state synthesis method, such as high sintering temperature, large grain size and low purity, hydrothermal synthesis method is used to fabricate BT particles [29] .
In this process, the precursors are put into a stainless steel autoclave and react under heating and pressure [30] . Hydrothermal synthesis method fabricates BT particles with low dielectric loss at low synthesis temperature [31] . After 4 h of reaction at 80 °C, BT thin films are obtained by microwave hydrothermal synthesis method [32] . The dielectric constant and loss of obtained tetragonal BT is 1000 and 0.02 at 1 Hz, respectively [33] .
Moreover, BT particles prepared by hydrothermal synthesis method are featured by high purity, narrow particle size distribution and little agglomeration [34] . When the precursors are dried in vacuum oven at room temperature, the purity of BT is greatly improved [35] . The BT particles, fabricated by hydrothermal synthesis method, are found to be highly dense with the grain size controlled at 200-400 nm [36] . Kothandan synthesizes spherical BT grains via the low temperature hydrothermal technique. The transmission electron microscope (TEM) image shows the diameter of spherical BT nanoparticles is around 200 nm, illustrated in Fig. 3 [37] .
In addition, the concentration variation during hydrothermal synthesis process and the pressure change during hot pressing also affect the grain size of BT particles [23] .
Sol-gel synthesis
Sol-gel synthesis method is another important method for preparing BT [38, 39] . In this process, metal oxides are first hydrolyzed to form gels, and then the post-processing is used to obtain BT particles with high purity [40] . The sintering temperature of BT particles can be greatly reduced by altering the component in sol-gel synthesis process [41] .
Kheyrdan synthesizes BT particles through modified sol-gel dip coating route on fluorine-doped tin oxide substrates under a reduced calcination temperature (650 °C). As shown in Fig. 4 , the average grain size of obtained BT is 20-35 nm with narrow particle size distribution [42] .
It is found that thin BT films are inkjet shaped and in situ derived on silicon substrate by sol-gel synthesis route. The calcination temperature is reduced to 750 °C and AFM results confirm that the obtained BT particles are round shaped with the size of around 30 nm, illustrated in Fig. 5 [43] .
Sol-gel synthesis method fabricates BT particles with fine grain and dense microstructure, both of which improve dielectric breakdown strength and decrease dielectric loss [44] . In this way, the energy storage density and efficiency are both enhanced.
In addition, there are other approaches to prepare BT, such as micro-emulsion, gas phase precipitation and coprecipitation, which can fabricate small sized BT with low yield and little aggregation [45, 46] .
In Table 1 , various aspects of the three synthesis methods are summarized, in order to get an indication of advantages and disadvantages of these synthesis methods.
Doping elements into BaTiO 3
The phase transition temperature (Curie point, T c ) of pure BT ceramics is about 120 °C, and the maximum value of dielectric constant is obtained around this temperature. Moreover, BT with tetragonal phase is stable and has high dielectric constant [47] .
In order to reduce the phase transition temperature to room temperature, dopants, such as strontium, iron, tungsten, cobalt, bismuth and other elements are incorporated into BT to improve its dielectric constant at room temperature [48] . Bourguiba dopes iron and tungsten into BT to reduce the transition temperature of cubic phase to tetragonal phase [49] . The presence of gold nanoparticles increases the content of tetragonal phase BT, which improves the density and dielectric constant of BT particles [50] . After the addition of cubic phase cobalt ferrite, dielectric constant of tetragonal phase BT is enhanced at the high frequency region [51] . Moreover, magnesium and titanium significantly increase the dielectric constant of BT-bismuth ferrate crystals [52] .
The doping of zinc and zirconium with BT can change the content of tetragonal, cubic and orthogonal phases in BT particles [53] . When the doping content is 1%, the BT particles are mainly tetragonal phase, contributing to the enhanced dielectric constant [54] . The increased dielectric constant is beneficial to prepare BT based electronic devices with high energy storage density. The addition of sodium Fig. 3 The TEM image of BT nanoparticle. Reproduced with permission from Ref. [37] . Copyright 2018 Elsevier Fig. 4 Field emission scanning electron microscopy (FE-SEM) of BT by sol-gel synthesis process. Reproduced with permission from Ref. [42] . Copyright 2018 Springer Nature and bismuth makes the cubic and tetragonal phases coexist in BT particles [55] . The coexistence of various crystalline phases enhances the dielectric constant of BT ceramics by six times [56] .
Moreover, the addition of external elements in BT also controls the average grain size of BT particles [57] . By adjusting the amount of zirconium, tin and lanthanum doped in BT, the researchers are able to reduce the grain size of BT particles to one-third of their original size [58] . In addition, the doping of barium, zinc and other elements improves the compactness of BT particles, which increases their dielectric constant [59] .
In addition, when the temperature of BT reaches T c , the resistance of BT increases dramatically by several orders of magnitude, ascribed to the transformation from the ferroelectric phase to paraelectric phase. Due to this unique property, BT is often used as materials for positive temperature coefficient resistors (PTCR). The shift of T c to high temperature can increase the working temperature and broaden the application of BT based PTCR [60] .
Doping lead is one of the commonly used approaches to enhance T c , but lead can pollute environment. Thus, using lead-free PTCR materials has become an inevitable trend.
The PTC effect of BT can be improved when tiny amount of bismuth compounds is doped into the BT matrix. It is found that doping 0.1 mol% K 0.5 Bi 0.5 TiO 3 into BT can enhance the T c to 165 °C [61] . However, the PTC effect of the materials can be weakened with the increase of bismuth concentration. The 1 mol% doping of Bi 0.5 Na 0.5 TiO 3 or K 0.5 Bi 0.5 TiO 3 into BT can only raise the T c to about 150 °C [62, 63] .
Effect of grain size on dielectric constant
Generally, when the average particle size is larger than 10 microns, the relative dielectric constant of BT is between 1500 and 2000 at room temperature, and the dielectric constant of BT increases with the decrease of grain size [64, 65] . When the grain size of BT particles further decreases to micron level, the relative dielectric constant firstly increases and then decreases [66] .
In Fig. 6 , it is observed that with the decrease of grain size, the dielectric constant of BT particles decreases remarkably. The reason is that with the decrease of grain size, the fraction of cubic layer on particle surface increases, resulting in the decrease of tetragonal phase and ferroelectricity of BT particles [67] . In addition, the dielectric constant of BT reaches a maximum value when the particle size is between 0.8 and 1 micron, which is very important for fabricating multilayer capacitors [4] . The decrease of grain size reduces the compactness of BT particles and lowers their dielectric constant [68] .
4 Structure and properties of polymer/ BaTiO 3 composites
Polymer matrix
Although the dielectric constant of BT is high, its products are very brittle and the manufacture process is complex. In the past decades, polymer/BT composites have developed rapidly, because polymer/BT composites possess high dielectric constant, excellent process-ability, low density, low cost, high breakdown resistance and excellent toughness [69] . The commonly used polymers to prepare polymer/BT composites are polyvinylidene fluoride (PVDF), high density polyethylene (HDPE), ethylene vinyl acetate resin (EVA), polystyrene (PS), epoxy resin, acrylic elastomer, polyurethane elastomer, silicone elastomer, acrylonitrile-butadiene rubber (NBR), ethylene propylene diene monomer (EPDM) and so on [70] [71] [72] [73] .
Thermoplastic resins
Due to strong internal polarity of the C-F bond and the spontaneous polarization of the dipole, PVDF possesses high dielectric constant [74] . PVDF exhibits five crystal forms under different conditions. When the content of beta crystalline formed in PVDF is high, PVDF has high dielectric constant and dielectric strength, so it is often used to prepare PVDF/BT dielectric composites [75] .
The presence of fluoride atoms brings fluoride polymer/ BT with the disadvantage of poor process-ability [9] . By comparison, HDPE with tactic structure exhibits excellent process fluidity. The reason is that the tactic structure in HDPE enhances the crystallinity of HDPE. It is the crystal lattices that melt during process to decrease the viscosity of HDPE, leading to the improvement of process-ability. Moreover, the mechanical and electric properties of HDPE are improved in the presence of crystal lattices [76, 77] . In addition, the non-polar backbone structure endows HDPE not only with good resistance to oxidation and solvents, but also with low dielectric loss [78] .
Compared with HDPE, the introduction of vinyl acetate monomer into the macromolecular chains of EVA resin reduces its crystallinity. Meanwhile, its flexibility, impact strength, filler solubility and thermal sealing performance are improved simultaneously [79] . The dielectric constant of EVA resin mainly depends on the content of vinyl acetate (VA) in the macromolecular chains which is generally between 5 and 40% [80] . The addition of fillers further enhance its dielectric constant. It is reported that the dielectric constant of EVA with 5 wt% multiwall carbon nanotubes is 1200 at 100 Hz [81] .
PS is a polymer synthesized from styrene monomer by radical addition polymerization. PS is usually a random polymer in amorphous state, with excellent transparency and insulation to electricity. The PS products can be long-term used at the temperature of 70 °C [82] . However, PS is brittle and easy to crack at low temperature. In addition, highly crystallized isotactic polystyrene and partially crystallized syndiotactic polystyrene (sPS) are also used [83] . The arrangement of the phenyl groups at alternate sides of the chain is supposed to lower the dielectric constant in sPS, due to the reduced net polarization [84] . Thus, the sPS is often used to fabricate low dielectric constant composites. The hybrid silica facilitates the formation of thermodynamically stable β crystalline, which reduces the dielectric constant and loss of sPS to 1.95 and 1 × 10 −4 at 5 GHz, respectively [85] .
Thermoset resins
Epoxy resin contains two or more epoxy groups in the molecular chains, which form a three-dimensional network structure under the action of various curing agents [86] . The cured epoxy resin has many excellent properties, such as good mechanical properties, excellent chemical stability, corrosion resistance, electric insulation, durability and dimensional stability. Epoxy resins are widely used in electrical and electronic applications [87] .
The disadvantages of cured epoxy resin are brittleness, tendency to crack, partial discharge under high voltage electric field and ultimate breakdown damage [4] . In order to overcome these shortcomings, micro and nano materials are added into epoxy to improve its dielectric strength [88] .
Unsaturated polyester resin is a linear polymer with ester bonds and unsaturated double bonds, which is usually polycondensated from unsaturated dibasic alcohol or unsaturated dibasic alcohol [89] . The advantage of unsaturated polyester resin is that it can be cured at room temperature, which is especially suitable for large-scale and on-site manufacturing of products [90] . The cured resin has excellent mechanical properties, corrosion resistance, electrical properties, dielectric properties and so on [91] .
Thermoplastic elastomers
In addition to rigid polymer resins, elastomers are also widely used for the fabrication of dielectric composites [92] . Thermoplastic polyurethane elastomer (TPU) is a (AB) n type block linear polymer, with A for high molecular weight (1000-6000 g/mol) polyester or polyether and B for diol with straight chains containing 2-12 carbon atoms [93] . TPUs have the advantages of high efficiency, excellent reliability and fast response during electric actuation [94] . However, it produces a large amount of endogenous heat during electric actuation, which limits its application in the field of electronic materials [95] .
Thermoset elastomers
Acrylic elastomer is the copolymer of monomer acrylate [96] . Its main chains are saturated carbon chains and its side groups are polar ester groups [97] . Due to polar ester groups, acrylic elastomers are used to fabricate dielectric actuators [98] . However, due to endogenous heat, its service life is also short, and it can only be actuated about 1000 times in 163 MV/m electric field [99] .
NBR is synthetized by butadiene (BD) and acrylonitrile (AN) through low temperature emulsion polymerization [71] . NBR is a polar and non-self reinforcing elastomer. The polarity of the NBR is correlated with the AN content in the structure [100] . The high polarity of NBR makes it suitable for the application in dielectric composites [101] . Like TPU, the endogenous heat of NBR generated during actuation is too huge to shorten the its service life [102] .
The main chains of silicone rubber are composed of silicon and oxygen atoms alternately [103] . Ordinary silicone rubber is mainly consisted of siloxane segments containing methyl groups and a small amount of vinyl groups [104] . The heat resistance of silicone rubber is outstanding and it can work for a long time at 180 °C [105] . It is reported that silicone elastomer can be driven 4 million cycles without failure under low stress [106] . But the mechanical properties of silicone elastomer are inferior to that of TPU [107] .
EPDM is copolymerized by ethylene, propylene and a small amount of non-conjugated diene [108] . Due to the nonpolar backbone, EPDM has low dielectric loss and generates little heat during actuation [109] . However, the dielectric constant of EPDM elastomer is relatively low [14] . Thus, it is necessary to incorporate high dielectric constant particles into it. In sum, the brief comparison of polymers' properties is listed in Table 2 .
Surface modification of BaTiO 3
Due to the difference of surface energy and poor compatibility between nano BaTO 3 particles and polymers, nano BaTO 3 particles can easily agglomerate in polymer matrix during the fabrication of composites [88, 110] . The agglomeration of BT particles in polymer can form leakage path which increases leakage current and dielectric loss [111] . Moreover, the agglomeration can also form holes which reduce breakdown strength [112] . Meanwhile, the agglomeration of nanoparticles can increase the stress concentration points which weaken mechanical properties of composites [113] . Therefore, a lot of effort has been done to prepare polymer/BT composites with well dispersed nano BT particles through surface modification [69, 114] .
Modification of BaTiO 3 particles by surfactant
In order to improve the compatibility of BT particles with polymers, the simplest method is to modify the BT particles by surfactants to reduce the difference of surface energy between them [74, 108] .
Surfactants are commonly consisted of two major components. One is a functional group, which reacts with groups on the surface of BT particles. The other is organic molecular chain which physically entangles with macromolecular chains of polymers. In this way, the surfactant is regarded as a bridge between BT particles and polymer matrix [115, 116] . The 2,3,4,5-tetrafluorobenzoic acid, 4-(trifluoromethyl) phthalic acid, tetrafluoro phthalic acid and phthalic acid are used to modify the surface of BT particles. The modification process is shown in Fig. 7 . It is found that structure, type and amount of modifiers show different effects on the particle dispersion and performance of the PVDF/BT composites [117] .
In Fig. 8 , it is observed that 2-[2-(2-methoxyethoxy) ethoxy] acetic acid (MEEAA) can form 2 nm coating layer on surface of BT particles. Although the coating layer is thin, the interfacial state between BT particles and poly(vinylidene fluoride)-hexafluoropropene matrix is greatly improved [118] .
Since the surfactants on the surface of inorganic particles are physically adhered to polymer matrix by Van der Waals force, the interfacial adhesion between them is not strong [76] . It is reported that commercialized coupling agents are effective in surface modification of BT filled in elastomers, because coupling agents not only reduce the surface energy of particles, but also introduce functional groups to the surface of BT particles, shown in Fig. 9 [102, 119] .
As shown in Fig. 10 , such functional groups can participate into the vulcanization process to form extra crosslinks with polymer matrix, which improves the mechanical properties of composites [119] .
Modification of BaTiO 3 particles by polymer
It is easy to modify nanoparticles with organic small molecules, but the properties of small molecules are different from those of macromolecules. Thereby, the modification effect of nanoparticles is not as good as that of macromolecules [120] . In recent years, scientists have synthesized polymers with active functional groups by various chemical synthesis methods, such as free radical polymerization, atom transfer radical polymerization and so on [15, 121] . The modification of nano particles by such polymers can improve the dispersion of particles in polymer matrix.
Paniagua utilizes phosphoric acid as a surface initiator to grow PS and polymethylmethacrylate (PMMA) from the surface of BT nanoparticles by atom transfer radical polymerization with activators regenerated by electron transfer [122] . The obtained particles have core-shell structure and the modification process is shown in Fig. 11 . The obtained BT particles are well dispersed in polymer matrix without the need for ball milling.
As shown in Fig. 12, 3 -methacryloxypropyl-trimethoxysilane (MPS) is firstly hydrolyzed to fabricate silanol, containing Si-OH. Then the organosilane chains of MPS are grafted to BT particles by condensation reaction between Si-OH and -OH on the surface of BT particles. After this process, functional C=C groups of MPS on BT particles react with butyl acrylate (BA) monomer to grow poly(butylacrylate) (PBA) on BT surface. The obtained particles are well dispersed in acrylonitrile-styrene-acrylate copolymer (ASA) [15] .
The free radical copolymerization of vinylidene fluoride (VDF) with three fluoroethene chloride (CTFE) can produce PVDF-CTFE with active functional groups at the end. Then these active polymers react with particles at the interface Fig. 11 Creation of a one-component, three-constituent hybrid dielectric that can be used to build capacitors. Reproduced with permission from Ref. [122] . Copyright 2014 American Chemical Society Reproduced with permission from Ref. [15] . Copyright 2018 Elsevier during the mixing process to enhance the breakdown strength. Moreover, energy storage density, glass transition temperature, crystallinity and thermal stability of composites are all enhanced [123] .
In situ initiated polymerization on BaTiO 3 surface
Nanoparticles are difficult to disperse in polymer solutions or melts, but they are well dispersed in un-polymerized monomer solutions. The polymerization occurs after the nanoparticles are completely dispersed. Then the nanoparticles coated with polymers are well dispersed in polymer matrix.
Marks firstly deposits a layer of alumina on the surface of barium titanate and introduces reactive functional groups for metallocene catalysts [124] . Secondly, propylene polymerization is initiated on the surface of barium titanate modified by metallocene. The modification process is shown in Fig. 13 [125] . The obtained polypropylene composites have high dielectric constant and high energy storage density.
The dielectric constant of the alumina layer in composites is between the dielectric constant of nanoparticles and that of the polymer. Thus, the alumina layer can be used as a buffer layer between the nanoparticles and the polymer to lower the leakage current [126, 127] .
In literature, reversible addition fragmentation chain transfer (RAFT) initiator is firstly grafted to the BT surface. Then the RAFT polymerization of styrene on BT surface is initiated. The obtained BT particles have core-shell structure, and the shell thickness is ranged from 7 to 12 nm by the control of feed ratios, illustrated in Fig. 14 [128] . The PS nanocomposites with well dispersed BT, high dielectric constant and low dielectric loss are fabricated.
As illustrated in Fig. 15 , researchers graft two types of fluoroalkyl acrylate monomers via surface-initiated RAFT polymerization onto the surface of BT particles. The nanocomposites with high energy density and low dielectric loss are successfully fabricated, and the energy storage densities can be tailored by adjusting the structure and thickness of the fluoro-polymer shell [129] .
In sum, the brief comparison of different surface modification of BT particles is listed in Table 3 .
Volume fraction and alignment of BaTiO 3 particles
Apart from surface modification, the dielectric constant of the composite is related to the volume fraction of BT in composites. It is reported that the dielectric strength, energy density, dielectric constant and dielectric loss of the composites boost with the increase of BT content [130] . Traditionally, polymer/BT composites are fabricated by mixing particles with polymer matrix. The 50 vol% of modified BT enhances the dielectric constant of EPDM and HDPE from 2 to 2.5 to 15 (6.5 times increase) and 18.5 (6.4 times increase) at 10 MHz, respectively. At the meantime, the dielectric loss of these composites increase by 5 times and volume resistivity decrease by 2-3 order of magnitude [9, 131] .
What's more, the particle size and particle ratio of binary BT particles also affect the arrangement of micro and nano BT particles. When the particle ratio is higher than 2.4 and 6.6, the small spheres fill in the four angle holes and triangle holes among large spherical particles, respectively, shown in Fig. 16 . When the pack density reaches the maximum value, the dielectric constant of HDPE with 50 vol% BT further increases from 18.5 to 42 (127% increase) at 10 MHz [78] .
Generally, the dielectric constant is only substantial when the particle loading is high. When the volume fraction is 10 vol%, the dielectric constant of composites is not substantial [132] [133] [134] . In order to further enhance dielectric constant of composites at low filler loading, aligning BT particles in the polymer matrix along the electric field is a possible approach [135, 136] .
It is reported that the dielectric constant of epoxy/BT composites is improved by aligned BT particles in epoxy Fig. 17 , is formed through the ice-templating method with varying BT amount [87] . Compared to traditional mixing, the 10 vol% aligned BT particles can enhance the dielectric constant of the composites by two times, without increasing the dielectric loss tangent.
Hybrid usage of BT with other particles
Due to high dielectric loss, polymer/BT composites generate heat and raise the working temperature of electronic devices [86] . The high temperature of working devices tends to break the macromolecular chains of composites, which shortens the service life of electronic devices [137] [138] [139] . Thus, the thermal conductivity of polymer/BT composite needs to be improved.
Generally, thermal conductivity of polymer is low. Moreover, the spherical BT particles are isolated in polymer matrix, slightly affecting the thermal properties of composites [140] . Thus, the application of layered fillers to connect the separated BT particles seems to be an effective way to form thermo-conductive network and then to enhance the thermal conductivity of composites [73] . As shown in Fig. 18 , layered mica and graphite flakes are oriented in polymer matrix to connect surrounding particles. It is found that 20 vol% graphite flakes boosts the thermal conductivity and dielectric constant of EPDM/BT (70/30) from 0.323 W/m/K and 7.1 at 40 MHz to 2.421 W/m/K (649% increase) and 70 at 40 MHz (nine times increase), respectively [109] .
Although rod-like carbon fibers can connect the surrounding BT particles, 10 vol% rod-like carbon fibers only increase the thermal conductivity and dielectric constant of EPDM/BT by 84% and 57%, respectively [14] .
According to Eq. (2), dielectric constant of composites increases drastically near the percolation threshold [75, 141] . Thereby, researchers attempt to increase the dielectric constant of polymer/BT by adding conductive particles, such as carbon blacks, carbon nanotubes, graphite, silver particles and so on [70, [142] [143] [144] . The tetra-needle-shaped zinc oxide whiskers (T-ZnOw) particles can improve the dielectric constant polypropylene (PP) /BT. It is shown in Fig. 19 that the dielectric constant boosts remarkably at the percolation threshold (f c = 13 vol%) [145] . 
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where ε r is relative dielectric constant, ε m is dielectric constant of matrix, f c is the percolation threshold, f is the volume fraction of filler, s is critical index of dielectric constant. Percolation threshold of the dielectric composites can be reduced by adding carbon blacks. In the methyl vinyl silicone rubber (VMQ) /BT/carbon black composites, it is found that
the dielectric constant of composites enhances to 960, when the volume fraction of carbon black is 0.0355 vol% [146] .
Application of polymer/BaTiO 3 composites

Embedded capacitors
Nowadays, a large number of passive components, including capacitors, inductance and resistance, exist on printed circuit board (PCB). Among them, capacitors account for a considerable proportion [147, 148] . At present, these electronic components are mainly assembled on PCB by discrete surface mount technology (SMT). Such electronic components occupy 40% area of PCB, 30% of welding points and 90% of assembly time, which has become one of the bottlenecks in the miniaturization of electronic products [4] . Figure 20 shows a picture of a PCB with a processor in the middle surrounded by many different sized capacitors and other components. If these passive components are embedded in the PCB, the area of the PCB and production cost can be reduced on a large scale, which improves the efficiency and stability of electronic products [149] .
In order to be used as dielectric materials for embedded capacitors, there are several specific requirements: (1) The process temperature of materials must be in accordance with that of PCB (∼ 200 °C). (2) The materials must exhibit high dielectric constant and low dielectric loss over a broad frequency range. (3) The materials must possess high thermal stability, mechanical strength and toughness. (4) The material must be compatible with PCB. (5) The cost of materials must be low [151, 152] .
The high dielectric polymer/BT composites not only meet the abovementioned requirements, but also possess excellent process-ability and are easily molded in various ways. Thus, high dielectric polymer/BT composites are promising materials for the fabrication of embedded capacitors.
Electric stress control
The polarization of composites with high dielectric constant can cause charge transfer, which uniforms the electric field distribution [153] . The materials for electric stress control have the following requirements: (1) the dielectric materials must be easily coextruded with cable insulator [polyvinyl chloride (PVC)] at ~ 170 °C. (2) The materials must exhibit high dielectric constant and strength over a broad temperature range. (3) The materials must possess high mechanical strength and toughness at low temperature (~ 50 °C). (4) The material must be compatible with PVC. (5) The cost of materials must be low. Due to excellent process ability and flexibility, high dielectric constant polymer/BT composites are widely used in electrical stress control, such as insulation of cable accessories [154] . As shown in Fig. 21 , the electric field at the cable terminal is very concentrated, which is easy to cause partial discharge. In this way, the insulation layers are to be damaged, followed by power grid accidents [154] . With the application of high dielectric constant composites, the uniformity of electric field distribution in cable terminals is improved, which protects the insulation layers, prolongs the service life of cables and reduces power grid accidents [155, 156] .
High power energy storage device
Energy storage materials are important in the scientific field. Among them, the composite with high dielectric constant is one kind of energy storage materials. Compared with other energy storage methods, such as lithium batteries and so on, capacitors have the advantage of high power because they store and release electrical energy in a very short period of time to acquire high power density [157] .
High power energy storage equipment has important applications in military and daily life. Some new weapons, such as laser guns and electromagnetic guns require instantaneous release of energy, which ordinary batteries are unable to do it [158] .
One of the problems with electric vehicles is that they do not have enough power to climb up the hill, and the batteries cannot release enough power in a short time. One possible solution is to attach a large power capacitor to the electric vehicle which is used in conjunction with the battery [159] .
High power capacitors provide enough power when the vehicle climbs. The energy storage density is correlated with dielectric constant of composites and the applied electric field, shown in Eq. (3) [160] .
where U is storage density of energy, ε is relative dielectric constant of dielectric materials, ε 0 is vacuum dielectric constant, E is electric field.
The key factor to enhance energy storage density of materials is to enhance dielectric constant and maintain electric breakdown strength. The common polymers, such as PS, polyethylene, PVC and polycarbonate have high breakdown strength (about 450-850 MV/m). But their dielectric constant is low (about 2.0-5.0 at 1 kHz). The adequate incorporation of BT particles into polymers can obtain dielectric composites with high dielectric constant and breakdown strength, which makes them promising in the fabrication of high-power energy storage devices [158] .
Dielectric elastomers (smart materials)
Dielectric elastomers (DEs) have been one of the promising materials in application of electromechanical actuators, generators in energy harvesting and sensors, because these lightweight materials produce linear motion rather than rotary motion produced by heavy electric motors [161, 162] .
As shown in Fig. 22 , when a voltage is applied on top and bottom electrodes of the elastomer, the thickness of such soft material can produce large strains by the Maxwell stress generated between charges on the two electrodes. The DE based actuators have many advantages, such as large strains and short response time like humane muscles [163] . The mechanical strain can be calculated by Eq. (4) [161] :
where S is the deformation in the direction of the electric field, V is the voltage of applied electric field, Y is the Young's modulus, ε r is relative dielectric constant of dielectric materials, ε 0 is vacuum dielectric constant and d is the thickness of samples.
Under the application of the external electric field, the DEs rapidly deform [164] . The deformation response is fast and the hysteresis is small. What's more, the deformation is much larger than the traditional piezoelectric materials [99] . On the other hand, electrostrictive phenomena can transform
Fig. 21
Electric field distribution of cable terminal (left) before and (right) after the use of high dielectric constant materials mechanical energy into electrical energy to design small generators [165] . The high DE generator has the advantages of light weight, low cost and small size [166] . For the simplest parallel plate capacitors, the electric energy after charging can be expressed in Eq. (5). Therefore, the variation of electric energy after deformation of DEs under external force can be calculated by Eq. (6) [167] .
where W is electric energy, C is capacitance, E is electric field, Q is quantity of electric charge on the capacitors, d is the distance between parallel plate electrodes, A is the area of parallel plate electrodes, ΔW is the variation of electric energy, d 0 and d 1 are distance between parallel plate electrodes before and after deformation, respectively, A 0 and A 1 are the area of parallel plate electrodes before and after deformation, respectively.
According to Eq. (4), in order to obtain high actuating deformation, it is necessary to raise driving voltage, dielectric constant, reduce the thickness and Young's modulus of dielectric films for the actuator. Generally, several kilovolts driving voltage will be needed for dielectric films to produce 10-20% compressive strain. The high driving voltage will reduce the portability and service life of the device. Therefore, the preparation of elastomers capable of generating large deformation at low driving voltage is very essential for DE actuators [168] .
Organic field-effect transistor
Another important application of composites with high dielectric constant is organic field-effect transistors (OFET). High dielectric inorganic materials have the advantages of heat resistance and chemical stability. However, high solid-state temperature and complex manufacturing process limit their applications in the miniaturized transistors, large area flexible displays, and large-scale integrated circuits [169] . Compared with traditional rigid field effect transistors, OFETs have the advantages of large area, low cost and excellent flexibility, which make them widely used in electronic tags, flexible circuits, electronic paper and sensors [170] . Substitution of inorganic insulators by polymer/ BT with high dielectric constant is the inevitable trend of OFET development. Figure 23 shows the schematic diagram of the OFETs. Altering the voltage on the gate changes the charge density on the other side of the insulating layer (composites with high dielectric constant), which can adjust the current between the sources [171] . There are several parameters of dielectric layers affecting the performance of OFETs, such as roughness, surface energy and capacitance. Roughness in interface between dielectric layer and semiconductor will hinder the charge transport in semiconductor, due to the disturbed morphology and microstructures of organic semiconductor. When the roughness of dielectric surface grows from 0.17 to 9.2 nm, the mobility of transistors decreases from ~ 1.0 to ~ 0.02 cm 2 /Vs [172] . By comparison, the high surface energy of dielectric layers not only hinders the charge transport but also influences the molecular orientation and morphology of semiconductor layers. When the surface energy of dielectric layers increases from 13 to 35 mN/m, the mobility of OFETs decreases from 1.0 to 0.4 cm 2 /Vs [173] . The capacitance of the insulation determines the sensitivity of the adjustment and the voltage on the loaded gate. There are two ways to increase the capacitance of the insulating layer. One is to reduce the thickness of the insulating layer. However, when the thickness of the insulating layer is reduced to a certain extent, the tunnel current increases sharply. The other is to increase dielectric constant of dielectric layers. The enhancement of dielectric constant of insulating layers reduces gate voltage and improves sensitivity [174] .
Summary and outlooks
Within this review, recent progress regarding the synthesis of BT and studies of polymer/BT dielectric composites have been overviewed. Among many synthesis and doping methods, there are strategies to fabricate high pure, high density, small sized and narrow particle distributed BT with high dielectric constant. With respect to properties of polymer/BT dielectric composites, non-polar polymers matrix, appropriate surface modification, alignment of BT and hybrid use of fillers endow dielectric composites with excellent processability, little endogenous heat, well dispersed BT, improved dielectric properties and thermal conductivity. This review also shows that polymer/BT composites are promising in the application of embedded capacitors, electric stress control, high power energy storage devices, electroactive materials and organic field-effect transistors. What's more, it is still a challenge to enhance dielectric constant and thermal conductivity of dielectric materials while retaining their excellent mechanical properties, high dielectric breakdown strength and low dielectric loss.
In order to improve the overall properties of polymer/ BT composite and broaden its applications in various kinds of multi-functional, miniaturized and high power electronic devices, the future researches regarding polymer/BT composites may focus on the listed aspects: (1) developing efficient methods to grow rod-like or flake-like BT, which can be used to produce anisotropic polymer/BT composites with enhanced dielectric constant and thermal conductivity in certain direction. (2) Designing specific molecular structure of surface modifiers and new modification process to improve the interfacial adhesion between BT and polymer, depending on the type of polymer matrix. (3) Fabricating dielectric polymer/BT composite with high dielectric constant and low dielectric loss at certain narrow ranged frequency to meet the need of special electronic devices.
